Magnetotactic bacteria (MTB) are a phylogenetically diverse group which uses intracellular membrane-enclosed magnetite crystals called magnetosomes for navigation in their aquatic habitats. Although synthesis of these prokaryotic organelles is of broad interdisciplinary interest, its genetic analysis has been restricted to a few closely related members of the Proteobacteria, in which essential functions required for magnetosome formation are encoded within a large genomic magnetosome island. However, because of the lack of cultivated representatives from other phyla, it is unknown whether the evolutionary origin of magnetotaxis is monophyletic, and it has been questioned whether homologous mechanisms and structures are present in unrelated MTB. Here, we present the analysis of the uncultivated "Candidatus Magnetobacterium bavaricum" from the deep branching Nitrospira phylum by combining micromanipulation and whole genome amplification (WGA) with metagenomics. Target-specific sequences obtained by WGA of cells, which were magnetically collected and individually sorted from sediment samples, were used for PCR screening of metagenomic libraries. This led to the identification of a genomic cluster containing several putative magnetosome genes with homology to those in Proteobacteria. A variety of advanced electron microscopic imaging tools revealed a complex cell envelope and an intricate magnetosome architecture. The presence of magnetosome membranes as well as cytoskeletal magnetosome filaments suggests a similar mechanism of magnetosome formation in "Cand. M. bavaricum" as in Proteobacteria. Altogether, our findings suggest a monophyletic origin of magnetotaxis, and relevant genes were likely transferred horizontally between Proteobacteria and representatives of the Nitrospira phylum. M agnetotactic bacteria (MTB) are widespread aquatic microorganisms that use unique intracellular organelles called magnetosomes to navigate along the earth's magnetic field while searching for growth-favoring microoxic zones within stratified sediments. In strains of Magnetospirillum, it was shown that magnetosomes consist of magnetite (Fe 3 O 4 ) crystals enclosed by a dedicated phospholipid membrane. The magnetosome membrane (MM) contains a specific set of proteins (1-3), which direct the biomineralization of highly ordered crystals along actin-like cytoskeletal filaments that control the assembly and intracellular positioning of a linear magnetosome chain (4-7). Synthesis of magnetosomes has recently emerged as a model for prokaryotic organelle formation and biomineralization (8-11). The trait of magnetotaxis is widely spread among Proteobacteria including members from the α-, δ-and γ-subdivisions, as well as uncultivated species from the deep branching Nitrospira phylum (8). The presence of MTB within unrelated lines of various phylogenetic groups, as well as their stunning diversity with respect to magnetosome shape, composition, and intracellular organization lead to speculations of whether the evolutionary origin of magnetotaxis is polyphyletic. Thus, independent origins and subsequent convergent evolution were proposed for greigite and magnetite producing MTB (12), and it has been suggested that those MTB forming magnetic crystals of divergent shapes or composition may use different mechanisms of magnetosome formation (13, 14) .
Magnetotactic bacteria (MTB) are a phylogenetically diverse group which uses intracellular membrane-enclosed magnetite crystals called magnetosomes for navigation in their aquatic habitats. Although synthesis of these prokaryotic organelles is of broad interdisciplinary interest, its genetic analysis has been restricted to a few closely related members of the Proteobacteria, in which essential functions required for magnetosome formation are encoded within a large genomic magnetosome island. However, because of the lack of cultivated representatives from other phyla, it is unknown whether the evolutionary origin of magnetotaxis is monophyletic, and it has been questioned whether homologous mechanisms and structures are present in unrelated MTB. Here, we present the analysis of the uncultivated "Candidatus Magnetobacterium bavaricum" from the deep branching Nitrospira phylum by combining micromanipulation and whole genome amplification (WGA) with metagenomics. Target-specific sequences obtained by WGA of cells, which were magnetically collected and individually sorted from sediment samples, were used for PCR screening of metagenomic libraries. This led to the identification of a genomic cluster containing several putative magnetosome genes with homology to those in Proteobacteria. A variety of advanced electron microscopic imaging tools revealed a complex cell envelope and an intricate magnetosome architecture. The presence of magnetosome membranes as well as cytoskeletal magnetosome filaments suggests a similar mechanism of magnetosome formation in "Cand. M. bavaricum" as in Proteobacteria. Altogether, our findings suggest a monophyletic origin of magnetotaxis, and relevant genes were likely transferred horizontally between Proteobacteria and representatives of the Nitrospira phylum. M agnetotactic bacteria (MTB) are widespread aquatic microorganisms that use unique intracellular organelles called magnetosomes to navigate along the earth's magnetic field while searching for growth-favoring microoxic zones within stratified sediments. In strains of Magnetospirillum, it was shown that magnetosomes consist of magnetite (Fe 3 O 4 ) crystals enclosed by a dedicated phospholipid membrane. The magnetosome membrane (MM) contains a specific set of proteins (1) (2) (3) , which direct the biomineralization of highly ordered crystals along actin-like cytoskeletal filaments that control the assembly and intracellular positioning of a linear magnetosome chain (4-7). Synthesis of magnetosomes has recently emerged as a model for prokaryotic organelle formation and biomineralization (8) (9) (10) (11) . The trait of magnetotaxis is widely spread among Proteobacteria including members from the α-, δ-and γ-subdivisions, as well as uncultivated species from the deep branching Nitrospira phylum (8) . The presence of MTB within unrelated lines of various phylogenetic groups, as well as their stunning diversity with respect to magnetosome shape, composition, and intracellular organization lead to speculations of whether the evolutionary origin of magnetotaxis is polyphyletic. Thus, independent origins and subsequent convergent evolution were proposed for greigite and magnetite producing MTB (12) , and it has been suggested that those MTB forming magnetic crystals of divergent shapes or composition may use different mechanisms of magnetosome formation (13, 14) .
Despite recent progress, magnetosome formation is not yet fully understood at the molecular and biochemical levels. Essential molecular factors, cellular structures, and processes leading to organelle formation and biomineralization have been characterized mostly in magnetospirilla. In Magnetospirillum gryphiswaldense most genes implicated in magnetosome synthesis were identified within several operons of a genomic magnetosome island (MAI) (15) , which encodes functions in magnetosome membrane biogenesis, magnetosomal iron uptake, and control of magnetite crystallization (8, 10) . Because of their conservation in other cultivated α-proteobacterial MTB (16, 17) , it has been suggested that the MAI may have been transferred horizontally, which was further corroborated by the recent discovery of homologous gene clusters in metagenomic clones (18) and the δ-proteobacterial Desulfovibrio magneticus RS-1 (19) . However, the limited genetic information about magnetosome formation that has been confined to a few cultivated MTB mainly of the α-Proteobacteria, is in striking disparity to the fact that MTB are a noncoherent and phylogenetically heterogeneous group. Because of the lack of cultivated representatives it has remained unknown whether homologous mechanisms and structures are used by divergent MTB from deep branching phyla outside the Proteobacteria.
One of the most intriguing systems for studying magnetosome formation in distantly related, nonproteobacterial MTB is the uncultivated "Candidatus Magnetobacterium bavaricum" (Mbav) from the deep branching Nitrospira phylum. Mbav has been identified originally within suboxic sediment layers of Bavarian lakes (20, 21) , but a variety of related MTB were subsequently shown to display a wider global distribution (22) (23) (24) . A recent cultivation-independent analysis of Mbav revealed first insights into its metabolic and genetic characteristics, suggesting that Mbav might be a chemolithoautotroph, obtaining energy from the oxidation of reduced sulfur compounds (21) .
Compared to other MTB, Mbav is unique with respect to its large size (3-10 μm) and distinct cell biology, in particular to its numerous (up to 1,000) magnetosomes, which have a bulletshaped, kinked morphology and are organized in multiple bundles of chains (20, 21, 25) . Because previous studies failed to detect a membrane around magnetosomes of Mbav, it was speculated that non-α MTB producing bullet-shaped magnetite crystals might use different biomineralization mechanisms based on "templates" that might be fundamentally divergent from the MM-dependent mechanism in magnetospirilla and related MTB (13, 14) .
Here, we describe an approach for targeted subgenomic and ultrastructural analysis of Candidatus M. bavaricum. By combining whole genome amplification of DNA from few Mbav cells collected by micromanipulation with screening of metagenomic libraries, we demonstrate the presence of a putative genomic magnetosome island with homology to that in Proteobacteria. In addition, the detection of structures such as a magnetosome membrane as well as putative cytoskeletal magnetosome filaments suggests a similar mechanism of magnetosome formation in uncultivated MTB of the deep-branching Nitrospira phylum as in Proteobacteria.
Results
Magnetosomes of "Candidatus M. bavaricum" Are Enclosed by a Membrane and Arranged Along a Cytoskeletal Filamentous Structure.
Magnetic mass collections from sediment samples highly enriched in Mbav cells (>40%, Fig. 1A ) were subjected to several advanced high-resolution imaging techniques. Transmission electron microscopy (TEM) and SEM of high-pressure frozen and freeze-substituted cells revealed a number of unusual ultrastructural characteristics (Figs. 1 and 2 and Figs. S1 and S2). In addition to a peptidoglycan layer and the outer membrane (OM) and inner membrane (IM), the multilayered cell boundary exhibits an unusually wide pepriplasmic space and a bipartite outer layer resembling a capsular structure, which forms ridges and star-like extensions ( Fig. 1 ; see Fig. S1 for further details). Sulfur globuli and polyhydroxybutyrate (PHB)-like granules are present within the cytoplasm (Fig. 1B and Fig. S2 ). Cells have a single bundle of ≈40 flagella (15-20 nm in diameter), which originate from different discrete spots of one cell pole (Figs. 1G and 2D) . Overall, the cell wall structure resembles that of related representatives of the Nitrospira phylum, such as Nitrospira marina (26) , N. moscoviensis (27) , and N. defluvii (28) , whereas the bipartite outer layer seems to be a distinct feature of the Mbav cell envelope.
As revealed by different imaging techniques, cells contained multiple chains of magnetosomes (Figs. 1A and 2 ). In contrast to previous studies, we found that the morphology and size of crystals was more variable including bullet-shaped, conical, or blunted polyeders, which had kinked or bent appearances. In SEM micrographs of fractured cells, magnetosomes appeared in densely packed bundles of several individual strands ( Fig. 2A) . SEM of focused ion beam sections of cryopreparations (Fig. 2F) , and highpressure frozen and freeze-substituted ( Fig. 2G ) cells revealed that the magnetosome bundles consist of three to six (mostly five) individual magnetosome strands that are arranged around a central core and form a regular rosette-like bundle (Fig. 2F) , which is situated 20-50 nm beneath the cytoplasmic membrane. In crosssections, between two and six of such magnetosome bundles appeared to be distributed preferentially within a roughly semicircular segment along the periphery of cells (Fig. 2G ). Individual strands maintain nearly identical positions in 3D reconstructions by serial focused ion beam (FIB) sectioning ( Fig. 2G and Movie S1). This argues against a twisted "braid-like" helical structure, which was described in previous studies (e.g., ref. 25) . Instead, individual strands within a bundle appear aligned parallel to each other.
Intriguingly, TEM of ultrathin sections of high-pressure frozen and freeze-substituted cells revealed that strands are aligned parallel to a filamentous structure (Fig. 2B, asterisks) . At higher magnification this filament is bound by two electron dense layers, which suggests that filaments may form a tubular structure with a diameter of 12-13 nm (Fig. 2C ). Filaments closely adjacent to magnetosome particles were also seen in cryo-SEM of tangentialfractured cells (Fig. 2D ) and 3D reconstructions of FIB "sections" (Movies S1 and S2). In its appearance, intracellular position, and dimensions these filamentous structures are strongly reminiscent of the cytoskeletal magnetosome filament (MF) that has been previously discovered in cultivated magnetospirilla (4) (5) (6) .
Most notably, in TEM thin sections, individual crystals were found to be surrounded by a membranous structure that displays a laminate appearance ( Fig. 2 B and C) . Its thickness of 3-4 nm appeared somewhat lower than that of the cytoplasmic membrane (CM) (6-7 nm), which might be due to the fact that the innermost electron dense layer cannot be discerned against the dark background of the adjacent magnetite crystals. This membranous layer was found in all analyzed thin sections of Mbav and resembles the MM of magnetospirilla detected by the same method (29) . Hollow, concave membrane-like structures were also visible by cryo-SEM of cross-fractured cells of Mbav (Figs. 1H and 2E). Because of their size and close vicinity to magnetosome crystals, they are likely to represent empty MM vesicles from which the magnetite core was lost during freeze fracturing.
Altogether, these data suggest that Mbav has a complex and distinct subcellular structure with respect to cell wall architecture and organization of the magnetosome chains. However, structures highly reminiscent of the MM and the MF in α-proteobacterial MTB are clearly present.
Single-Cell Sorting and Whole Genome Amplification (WGA). To identify putative magnetosome genes, we initially attempted a similar approach as was successfully used for the identification of MAI clusters from metagenomic large-insert libraries (18) . However, screening of more than 10,000 clones from six independently constructed fosmid libraries based on magnetically highly enriched Mbav cells failed to detect any clones harboring genes with similarity to known magnetosome proteins. Although in our environmental MTB collections Mbav was the most abundant morphotype (>40%), 16S rRNA gene libraries revealed that Mbav was only poorly represented in fosmid libraries constructed from these collections (<1%). Possibly, this bias was caused by poor DNA recovery due to the unusual cell structure of Mbav (21) . All our attempts to increase the relative proportion of Mbav DNA by fluorescence-assisted cell sorting, filtration, and selective lysis were unsuccessful (experimental details available on request). Therefore, we had to develop an alternative strategy, which combined WGA of individually sorted Mbav cells with highly stringent PCR screening of metagenomic fosmid libraries with Mbav-specific primers deduced from WGA sequences (Fig. S4) . In addition to Mbav cells, the only other abundant morphotypes present in our magnetic collections were magnetotactic cocci that could be easily distinguished from the conspicuous large (5-10 μm) rod-like Mbav cells (Fig. S5 ). This facilitated their strictly selective separation using micromanipulation with microscopic control over every sorting step (Figs. S5 and S6 A-D and Movie S3). Mbav cells were collected from a 5-μL droplet, containing the heterogeneous mixture of magnetically collected MTB and subjected to washing steps by two subsequent transfers into water droplets to eliminate potential extracellular DNA contaminations. Pyrosequencing generated a total of 118. (18, 21) were PCR screened. Five clones, which previously had escaped our initial screening because of the lack of endsequence similarities, were identified from which either identical sequences of mamE (1 clone), or mamP (1 clone), or both (3 clones) could be amplified. Sequencing, assembly, and gene prediction of mamE and mamP-positive clones yielded a contig of 37 kb with 34 putative genes [ Fig. 3 and National Center for Biotechnology Information (NCBI) FQ377626]. The mismatch-free overlap (99.99% sequence identity) of five individual fosmids with an insert size of about 35 kb, 24 kb, 35 kb, 24 kb, and 27 kb, respectively, indicates a clonal origin of the amplified Mbav DNA. This was further verified in two independent control experiments (Fig. S7) . The G+C content of 49.7% is within the range of 46.9-50.2% as determined for metagenomic fosmid clones containing phylogenetic marker genes (16S rRNA) from Mbav-like MTB (21, 30) , but differs significantly from the related T. yellowstonii (34%), although it is well below the range of percentage of G+C found in MTB thus far (54.8-65.1%) (8) . Out of the 34 identified genes, 14 encode hypothetical proteins, and 2 share no similarity to the NCBI database (Table S1 ). Among the genes related to proteins of known functions, 2 encode transposases, 3 are related to transcriptional regulation, whereas 4 might be related to metabolic functions (lyase, oxidoreductase, polysaccharide biosynthesis, and pyruvate phosphorylation; Table S1 ). Four genes encode proteins with the highest identity to T. yellowstonii (Table S1 ).
Most remarkably, the contig contains a 18-kb cluster of 22 genes of which some display striking homology to known magnetosome genes of proteobacterial MTB (Fig. 3 and Tables S1 and S2). Their short intergenic distance and identical transcriptional direction suggest that they may be part of a common putative operon as in all other MTB analyzed so far. Whereas 8 of the 22 genes encode proteins with greatest similarity to MTB (on the basis of BlastP analysis against the NCBI database), only 5 of them (MamEIBMP) are most similar to known magnetosome genes (Table S1 and Fig.  S8 ). Among them, MamI, which has been implicated in the formation of magnetosome vesicles in α-proteobacterial magneto- spirilla (10) is least conserved (23-35% identity; Fig. S9 ), but shares significant and exclusive similarity to MamI homologs from all other analyzed MTB including Desulfovibrio magneticus, in which it escaped detection in previous studies (10, 19, 31) . Two genes of this putative operon (emg00025 and emg00031) were annotated as mamQ-I and mamQ-II, respectively, because they share similarity to all MamQ homologs, although the database comparison shows the highest similarity to a LemA-like protein from non-MTB. For the same reasons, the TPR domain protein (emg00028) was annotated as MamA, which was reported to be involved in magnetosome "activation" in M. magneticum (32). MamE and MamP are PDZ-containing putative serine proteases (33) . Whereas MamP was implicated in the control of magnetite crystal size and number, MamE is thought to be involved in magnetosome formation by directing the proper localization of a subset of magnetosome proteins (10) . MamM and MamB share homology with cation diffusion facilitator (CDF) transporters (34, 35) and are assumed to mediate iron transport into the magnetosome compartment (8) . Multiple sequence comparisons were performed with all identified Mam homologs of Mbav to analyze their phylogenetic relation to magnetosome proteins from other MTB (Figs. S8 and S11). As an example, regardless of the algorithm used, Mbav MamB, and MamM CDF transporters cluster together with MamB and MamM proteins of MTB, which form a phylogenetically distinct branch separately from other CDF proteins, such as iron transporting FieF-like proteins (35) (Fig. S11 ). All other analyzed magnetosome genes display comparable branching patterns (Fig.  S8) . This demonstrates homology of magnetosome proteins from the Nitrospira phylum with those of proteobacterial origin, suggesting a horizontal gene transfer (HGT) between both phyla.
In addition to the 8 genes with clear homology to known α-proteobacterial magnetosome proteins, the Mbav magnetosome cluster comprises 14 further genes, which either intersperse the mam homologs (emg00032-emg00029) or are mostly located downstream of them (emg00024-emg00013). The majority of them (10 genes) encode hypothetical proteins, or share only weak similarity (22-27%) to proteins of known function, such as proteins involved in polysaccharide biosynthesis and chromosome condensation. Interestingly, 3 of these 14 genes encode proteins that share the highest similarity to Desulfovibrio magneticus (28-29%), whereas one of them (emg00029) encodes a hypothetical membrane protein and is localized between mamA and mamB. One further putative membrane protein encoded by orf emg00019 shares the highest identity with a bacterium not known to produce magnetosomes.
Discussion
On the basis of their unusual characteristics such as magnetosome arrangement, distinct cell biology and distant phylogenetic position, and lacking any genetic information, it has been questioned whether nonproteobacterial MTB from deep-branching phyla such as Nitrospira share homologous structures and genetic mechanisms of biomineralization with magnetotactic Proteobacteria (13).
Whereas our magnetic mass collection enabled the application of advanced imaging techniques, the poor representation and unknown identity of Mbav DNA in multispecies large-insert libraries from those enrichments hampered the metagenomic analysis of magnetosome formation. Therefore, for the confident identification and targeted analysis of magnetosome genes from Mbav, we had to resort to an alternative strategy based on WGA of individually sorted cells. Such targeted WGA approaches have recently been demonstrated to be functional for other cultivated and uncultivated MTB (36) .
Genomes from several uncultured bacteria have been partly sequenced from single or few cells (for instance ref. 37, 38) . However, despite recent improvements in genome recovery and normalization procedures (39), single-cell genome sequencing has not yet become a routine technique, and only recently the first gap-free reconstruction of an entire genome from a single polyploidic bacterium was demonstrated (40) . Unlike the large contigs of >0.5 Mb reported in some of these studies, our WGA approach yielded only relatively short average contig lengths, most likely due to poor DNA recovery from lysis-recalcitrant Mbav cells (21) and consequent amplification bias due to limiting amounts of template DNA. However, the obtained sequences allowed the identification of true Mbav clones in existing multispecies metagenomic libraries. Whereas neither of the two complementary approaches (WGA and metagenomics) alone was successful, their combination led to first insights into the genetic control of magnetosome formation in a nonproteobacterial MTB from the deep-branching Nitrospira phylum. Similar strategies could be applied as an efficient and economical approach for targeted genomic analysis of further MTB or other low-abundant environmental bacteria with conspicuous morphologies.
Whereas in one study organic material and several polypeptides with homology to known magnetosome proteins copurified with isolated magnetite crystals of the δ-protebacterium D. magneticum RS-1 (3), other in situ TEM studies failed to detect a MM surrounding the individual magnetite crystals in this organism and Mbav, which are only distantly related to the prototypical magnetospirilla. This led to speculations that bulletshaped magnetosomes are generally not formed within a MM, and that these MTB may have evolved a divergent molecular mechanism of magnetite biomineralization (13, 14) . However, our discovery of similar structures and genes in this study is strongly indicative of homologous mechanisms of biomineralization also in distantly related MTB outside the Proteobacteria. By using several advanced electron-microscopic techniques including focus ion beam sectioning of cryofixed cells, which to our knowledge has been successfully applied for the first time for the 3D reconstruction of a bacterial cell, an unprecedented insight into the subcellular organization of Mbav was obtained. The complex structure of its cell envelope and its intricate magnetosome architecture represent one of the highest structural levels found in a bacterial cell. In particular, we were able to demonstrate that, contrary to previous observations (13) , magnetite crystals of Mbav are surrounded by a MM, which strongly resembles the well-analyzed structure in α-proteobacterial MTB, such as M. gryphiswaldense (4, 33) . However, the relatively large distance (20-50 nm) of the magnetosome bundles from the CM in Mbav makes it unlikely that the MM remains permanently contiguous with the CM, but may become detached from it during magnetosome assembly.
The presence of a MM is consistent with the identification of genes that encode homologs of magnetosome proteins MamI, -P, -A, -M, -B, -Q, and -E, which are all known to be associated with the MM and are implicated in its biogenesis as well as magnetosomal transport of iron in Magnetosopirillum species (8, 10, 33) . mamI, -P, -A, -M, -B, -Q, and -E belong to the group-specific "signature genes" of magnetotaxis, which has recently been identified by comparative genomics (41), i.e., they are conserved and located within the MAI of all MTB, but exhibit no (MTBspecific, mamI), or only remote (MTB-related, mamPAMBQE) similarity to any genes from nonmagnetotactic organisms. Despite general conservation, homologous genes within the Mbav mam cluster are less conserved with respect to sequences and synteny than among the proteobacterial MTB. For example, a peculiarity not found in other magnetobacterial genomes is the presence of two divergent mamQ copies (Fig. 3) , which might be related to a somewhat distinct mechanism of MM formation in this organism. However, a number of the previously identified magnetosome genes, such as mamHRSTNOLKJ, which are conserved in most or all proteobacterial MTB, is missing. One possible reason might be a slightly distinct genetic control of biomineralization in Mbav. On the other hand, however, the cluster is bound by a mamP-like gene at one end of the assembled contig sequence, but on the basis of the usual central position of mamP within the MAI of other MTB, it can be expected that a significant portion of the operon containing additional magnetosome genes extends further upstream beyond the boundary of the contig and might be part of an even larger MAI.
One example for such a "missing" gene is mamK, which is conserved in all MTB and encodes an actin-like protein that in magnetospirilla forms the cytoskeletal MF and is involved in intracellular assembling, aligning, and positioning of the linear magnetosome chains (4-7). We have demonstrated by cryo-SEM and -TEM the presence of a similar filamentous structure in Mbav, which is aligned along the magnetosome chains in close vicinity. Unlike the MF in magnetospirilla, which form a network of filament bundles, filaments found in Mbav appear to form an ordered tubular structure with a hollow interior, around which the individual magnetosome strands are arranged. However, its general resemblance suggests that this structure might be homologous to the MF of magnetospirilla and is possibly also formed by a MamK-like protein encoded elsewhere in the genome.
On the other hand, the intricate 3D tubular organization of magnetosome chains in multiple discrete bundles is significantly more complicated than the single or double linear chains found in magnetospirilla. Therefore, it is very likely to be governed by a much more elaborate mechanism of assembly, which, in addition to constituents of the magnetosome pathway that are generally conserved among all MTB, involves further specific genetic determinants. These might be encoded elsewhere in the genome, or for example, by the genes that follow the identified mam genes immediately downstream. Although the function of these gene is not known, their colocalization with known mam genes within a single putative operon and their partial conservation in other MTB suggests that they might be involved in magnetosome formation and biomineralization as well.
Our discovery of structures and genes in MTB from the deepbranching Nitrospira phylum similar to those in distantly related proteo-MTB also raises another important question, which is the phylogenetic origin and evolution of magnetotaxis. In contrast to previous postulations (13, 14) , our results provide further evidence that the mechanism of magnetite biomineralization (apart from some species-specific variations) might be universal. Recently, we have demonstrated that horizontal gene transfer rather than independent evolution is likely to account for the emergence of magnetotaxis among diverse lines of proteobacterial MTB (16) , which has been confirmed by the detection of homologous genes in RS-1 (19) . Similar studies on greigiteforming uncultivated MTB can be expected to reveal the genetic basis and evolution of greigite-based magnetotaxis in the future.
As revealed by phylogenetic trees, putative magnetosome proteins of Mbav, such as the CDF transporters MamB and MamM, branch together with their proteo-MTB relatives, whereas homologs from non-MTB form a distinct phylogenetic group (Fig. S11) , suggesting that proteins within MTB-specific branches have distinct functions and are universally conserved in all MTB. Because Mbav and the proteobacterial MTB are not closely related and phylogenetically separated by numerous bacterial species lacking the magnetotactic trait (8) , there are two possible scenarios to explain the presence of homologous magnetosome genes. One would be the assumption of a common magnetotactic ancestor of the Nitrospira and Proteobacteria. However, this scenario would require multiple events of loss of magnetosome genes in all other nonmagnetotactic proteobacterial descendants. Although spontaneous loss of MAI genes at rather high frequency has been demonstrated in cultivated MTB (15) , and therefore cannot be entirely dismissed, secondary loss in almost all other proteobacteria seems rather unlikely. In contrast, a second scenario, in which horizontal gene transfer of magnetosome genes between proteobacterial MTB and the Nitrospira phylum provides a more likely explanation for the occurrence of highly conserved magnetotactic signature genes in Mbav. Similar examples of horizontal gene transfer between the Nitrospira phylum and other bacterial phyla have been already demonstrated for genes encoding other metabolic pathways, such for instance as sulfite reductase genes (42), or genes involved in nitrite oxidation (43) . The observed compositional differences, such as the percentage of G+C content of the MAI (Mbav 49.7%, M. gryphiswaldense 61.1%) argue against recent HGT, but indicate a rather ancient event of transfer. However, whether or not magnetotaxis has originated from the deep branching Nitrospira phylum and thus, formation of magnetosomes is an evolutionary ancient trait, requires more sequencing efforts that have to include further distantly related MTB from other groups.
Materials and Methods
Electron Microscopy. TEM and SEM of samples prepared by chemical fixation and high-pressure freezing was performed with an EM 912 transmission microscope (Zeiss) and a Zeiss Auriga SEM equipped with a focused ion beam consisting of Ga + ions for "sectioning." See SI Materials and Methods for details.
Environmental Sampling, Magnetic Enrichments, DNA Extraction, FosmidLibrary Construction, and Screening. Sediment sample collection, magnetic Mbav enrichment, DNA extraction and fosmid library construction was performed as previously described (18, 21) . Six fosmid libraries were screened via endsequencing and PCR as previously described (18, 21) . See SI Materials and Methods for details.
Single Cell Sorting and WGA. Single cell sorting was achieved via micromanipulation and subsequent phi29-mediated whole genome amplification as explained in detail in SI Materials and Methods.
Sequence Analysis. WGA DNA was analyzed by the Genome Sequencer FLX system (GS FLX Titanium chemistry) and reads were assembled via MIRA as previously described (44) . Sequence determination of entire fosmids as well as phylogenetic analysis were performed as previously described (21) .
